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ABSTRACT 

A study of bas ic  frequency-modulation te lemet ry  t r ansmi t t e r  configu- 
ra t ions suitable f o r  use  in  the 1 -  to 2-GHz frequency range i s  presented. 
The purpose of this study i s  to es tabl ish the framework within which a 
detailed analysis  of the sys tem requirements  in  t e r m s  of components, 
techniques, and devices can be made with the objective of demonstrating 
the sys tem per formance  when implemented in  integrated circui t ry .  The 
study includes the objective specifications,  bandwidth determination, A F C  
control sys tem p a r a m e t e r s ,  and a discussion of eleven basic  configurations. 
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PREFACE 

A study of Solid-state Integrated Microwave Ci rcu i t s ,  under the 
sponsorship of the Electronics  Resea rch  Center of the National Aeronautics 
and Space Administration, i s  being per formed by Texas Instruments  
Incorporated under Contract  NAS 12-75. The objective of this contract  is 
to per form the analytical  study of solid- s ta te  integrated microwave circui ts ,  
techniques, and components necessa ry  to accurately define the problem 
a r e a s  associated with integrated c i rcu i t s  when var ious combinations of 
active and pass ive  c i rcu i t  e lements  a r e  required to pe r fo rm a complete 
c i rcu i t  function a t  microwave frequencies.  

In pursuance of this objective, this r epor t  p re sen t s  the r e su l t s  of 
work per formed under the second of four  i t ems  of the work statement.  The 
period covered i s  15 December 1965 through 14 March  1966. This second 
task  i s  concerned with the select ion of bas ic  F M  te lemet ry  t r ansmi t t e r  
configurations capable of demonstrating the problems associated with mic ro -  
wave integrated c i rcu i t s  a t  par t icu lar  f requencies  i n  the region between 
1 GHz and 2 GHz. 

Separate  sections of the repor t  p resent  discussions of the objective 
specifications,  the bandwidth requi rements ,  the automatic-frequency-control 
sys tem p a r a m e t e r s ,  the indirect  and d i r ec t  F M  techniques, and an  analysis  
of eleven bas ic  d i r ec t  F M  t r ansmi t t e r  configurations. 
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SECTION I 

INTRODUCTION 

In recent  y e a r s ,  through application of the integrated c i rcu i t ,  g rea t  
s t r ides  have been  made  in digital  s y s t e m s  designed for  the  space  environment.  
Improvements  have been  made  in per formance ,  reliabil i ty,  reduction of s i ze  
and weight, and  reduced p r i m a r y  power requi rement .  T h e s e  improvements  
now appear  t o  b e  feasible  in the  microwave frequency range through the  use of 
integrated c i r cu i t ry  techniques specifically designed fo r  t h i s  f requency range. 

A s  a first s t e p  in  establishing th i s  feasibil i ty,  a study was  per formed 
of sol id-s ta te  microwave devices ,  techniques , and components suitable f o r  use 
in  the  1 - t o  6-GHz frequency range  with application t o  integrated c i rcu i t ry .  
Th i s  th ree-month  study was  completed 14  December 1965. The  work  repor ted  
h e r e  cove r s  a second three-month  s t u d y  t a s k  concerned with the  select ion of 
basic F M  te l eme t ry  t r ansmi t t e r  configurations suitable fo r  use in the  1 - t o  
2-GHz range  and f o r  implementation in integrated c i rcu i t s .  It is essent ia l  that  
such a study b e  made ,  s ince we a r e  dealing with a new se t  of building blocks 
and  a new se t  of cons t ra in ts .  Conventional approaches may no longer be 
applicable and approaches that w e r e  re jec ted  in  the  pas t  due to  component 
problems may  prove  super ior  when considerat ion is given t o  the  new components,  
techniques , and devices.  

T h e  per formance  requi rements  for  th i s  FM te l eme t ry  t r ansmi t t e r  a re  
those normally assoc ia ted  with ear th-space  t e l eme t ry  applications: 

Frequency 

Frequency stabil i ty 

Modulation 

Type  

Linear i ty  

Baseband 

Sensitivity 

Deviation 

Input impedance 

0 utput impedanc e 

Power  output 

DC input 

1 . 0  t o  2 . 0  GHz 

* O .  00570 

F M  and /o r  FSK 

17' fo r  FM 

2 KIlzto 1 MHz 

0 . 2  vol ts  r m s / 1 0 0  KHz 

*1.5 MHz 

600 ohms 

7 3  ohms 

1 . 0  t o  5 . 0  wat ts  

-24.5 vol ts  

1 



Efficiency (dc t o  RF)  10% t o  20% 

Size 

Weight 

In th i s  study, following a n  ana lys i s  of the  fundamental considerat ions 

Approx 6" X 2" X 6-1 1'2" 

Approx 3 t o  4 lb 

involved, a relat ively l a rge  set of bas ic  block d i ag rams  of FM te l eme t ry  
t r a n s m i t t e r  configurations have been investigated.  Those  sys t ems  that  w e r e  
c l ea r ly  inadequate with r e g a r d  to  meeting the  per formance  specifications 
l i s ted  above w e r e  eliminated. Also el iminated w e r e  those  s y s t e m s  funda- 
mentally capable  of meeting the specifications but having objectionable 
per formance  cha rac t e r i s t i c s .  T h e r e  was  no at tempt  to  prejudge the  c i r cu i t ry  
investigations t o  be pe r fo rmed  in the  next phase of th i s  study p r o g r a m ,  and 
f o r  that  r e a s o n  four bas ic  approaches t o  the design of the  t r a n s m i t t e r  have 
been se lec ted  for  fur ther  analysis  in  the  next phase.  T h e s e  a re  reviewed in 
the  s u m m a r y  of Section 11. 

2 



SECTION I1 

SUMMARY O F  RESULTS 

Bas ic  F M  t r a n s m i t t e r  configurations may  b e  classif ied according t o  
the  method of generating the  frequency modulation-direct o r  indirect  -and, 
if d i r ec t ,  according to  the method of automatic f requency control  (AFC).  T h e  
indirect  method employs phase modulation and r equ i r e s  that the  modulating 
signal be  integrated s o  that frequency modulation m a y  b e  produced by the 
phase modulator.  Since only a small amount of phase deviation c a n  be obtained 
in  the modulator ,  a l a r g e  amount of frequency multiplication is needed t o  
produce the  requi red  frequency deviation. In the  specific c a s e  under investi-  
gation, multiplication ra t ios  on the  o r d e r  of 2500 a re  needed. T h e  problems 
of obtaining th i s  amount of multiplication and the  fi l tering requi rements  
assoc ia ted  with the spurious s ignal  suppress ion  lead immediately t o  the  
reject ion of the indirect  method of frequency modulation in favor  of the direct  
me t  hod. 

Seve ra l  of the d i rec t  F M  techniques a r e  not capable of meeting the  
per formance  requi rements  . T h e  voltage -contr olled c rys t a l  osci l la tor  (VC XO) , 
for  example,  does not allow deviation r a t e s  much g r e a t e r  than  100 KHz,  which 
is far below the  1 MHz specified.  Thus ,  although th is  sys t em is conceptually 
s imple  and would be a n  ideal solution t o  the  problem,  it is fundamentally 
incapable of meeting the requi rements .  Another example is the s imple d i sc r imi -  
nator AFC sys tem.  Because of the  poor center-frequency stability of the  
d iscr imina tor  (about *O. 25 percent  long te rm) ,  the  center  frequency of the  
d iscr imina tor  must  be low in o r d e r  for  t h e  output frequency t o  be  maintained 
within *O. 005 percent .  On the  other hand, because of t he  poor stabil i ty of 
t he  uncompensated voltage-controlled osci l la tor  (VCO), t he  bandwidth of the  
d iscr imina tor  mus t  b e  wide. T h e  combined requi rement  dictates the  need for  
a d iscr imina tor  having a bandwidth equal t o  approximately twice the  center  
frequency; th i s  is ,  of cour se ,  impract icable .  Still another  example is the 
heterodyne technique where  in  a s table  c r ystal  - co nt r olled - os c illat o r  f requency 
is combined with the unstable VCO frequency. T h e  ra t io  of the  s table  frequency 
t o  the  unstable frequency is made  l a r g e  t o  minimize the  effect of the  instability 
of the  VCO on the  output frequency. In Section IV. D, it is shown that  the  
combined requi rements  of modulating spec t rum bandwidth and the  r a t io  of VCO 
center  frequency t o  deviation frequency-even for  poor modulation l inearity- 
cause  the  output center  frequency stabil i ty t o  be  g r e a t e r  than *O.  005 percent .  

Two other sys t ems  have been eliminated; although they a r e  fundamentally 
capable of meeting the  per formance  specifications , t he i r  AFC cha rac t e r i s t i c s  
exhibit regions of positive feedback. T h e s e  two a r e  cal led the dual-oscil lator 
s ingle-mixer  AFC s y s t e m  and the  dual-oscil lator gated AFC type I1 system; 
they a re  d iscussed  in  Sections IV. H and IV. J respect ively.  A pulse-discr iminator  
s y s t e m  discussed  in  Section IV. F has  been  eliminated for  fur ther  investigation 
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because  its operat ion r equ i r e s  a variable rate pluse t r a i n ,  the  rate of which 
falls within the  modulation frequency range.  It would probably be v e r y  diffi- 
cult t o  e l iminate  noise in  the  modulation spec t rum because of t h i s  pulse 
t ra in .  Some other  s y s t e m s  cons idered  employ s o m e  f o r m  of pulsed operation, 
b u t  the  pulse f requencies  used a re  above the  modulation frequency range,  
thus making it much e a s i e r  t o  prevent  t h e m  f r o m  reaching the  modulator 
input. 

Four  of the  sys t ems  studied a r e  recommended f o r  fur ther  study in  
the next phase of the  contract .  All four  a re  capable of meeting the  fundamen- 
tal specifications , pending specific c i r cu i t ry  investigations. Two of t hese  
r equ i r e  R F  switching; for  example,  e i ther  two re ference  frequencies  a r e  
a l ternately gated into a mixer o r  a r e fe rence  frequency and the VCO output 
frequency a r e  a l ternately gated into a d iscr imina tor  at a low frequency r a t e ,  
considerably below the  lowest modulation frequency. T h e  other two sys t ems  
r equ i r e  no switching, and two of t hese  AFC s y s t e m s  a r e  basically l inear 
signal sys t ems ,  whereas  the  other  two a r e  pulse sys t ems .  Thus ,  the four  
sys t ems  encompass a relatively wide range  of techniques and components; 
one o r  m o r e  should prove  v e r y  useful. T h e  four sys t ems  a r e  d iscussed  
briefly in the remainder  of t h i s  section. 

T h e  gated d iscr imina tor  AFC s y s t e m  (Section IV. B and Figure  12)  
functions by al ternately sampling the  output of the  VCO and a crystal-control led 
r e fe rence  frequency. T h e  samples  are  fed to  the  input of a l imi te r -d iscr imina tor  
c i rcu i t .  T h e  output of t he  d iscr imina tor  is ac  coupled, which el iminates  any 
dc offset caused  by the  center  frequency of the  d iscr imina tor .  In th i s  way the  
per formance  of the  AFC loop is made  independent of t he  d iscr imina tor  
center  -frequency stability. T h e  peak-to-peak value of the  der ived a c  output 
is proportional t o  the  difference between the  ave rage  frequency of the VCO 
and the  crystal-control led r e fe rence  frequency. T h i s  a c  signal is next 
synchronously detected (using the same gating signal applied t o  the d iscr imin-  
a to r  input switch) and f i l tered t o  provide a control  s ignal  for  the  VCO. This  
sys t em requ i r e s  the  switching of S-band s ignals ,  but t h i s  is quite feasible in  
microwave integrated c i rcu i t ry  due t o  the  recent  development of PIN sur face  
oriented diodes suitable f o r  use  in  m i c r o s t r i p  integrated c i rcu i t s .  Fu r the r -  
m o r e ,  a n  approach t o  a n  S-band m i c r o s t r i p  d iscr imina tor  is available and 
will  be investigated short ly .  The  gated s y s t e m  is,  however,  not without its 
drawbacks , the  principal one being the  possibility of generating beats between 
the  lower modulation frequencies  and harmonics  of the switching waveform. 
T h e s e  unwanted frequencies  appear in  the  modulated output. Bet te r  control  
of the  high-frequency response  ( in  the region below the normal  baseband) 
of t he  AFC loop would allow these  bea ts  t o  be held below 60 dB i n  the  modulated 
output. Th i s  control  c a n  b e  provided by using a m o r e  complex t r a n s f e r  function 
for  the  low-pass filter than that a s s u m e d  in  the analysis ,  a s imple  20 dB pe r  
d x a d e  rol loff .  Recent advances in  t h e  design and fabricat ion of thermal ly  
coupled devices make  th i s  type of t r a n s f e r  function possible f o r  v e r y  low 
frequencies  in  a v e r y  small space.  
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T h e  quadra ture  AFC s y s t e m  (Section IV. E and Figure  22)  r equ i r e s  
no R F  switching. A 90-degree phase  shift is needed, however,  and  th i s  
is readi ly  provided by S-band m i c r o s t r i p  branch  line couplers  over  a 
frequency rang.? broad  enough t o  cover  a complete  t e l eme t ry  band. This  
s y s t e m  uses  in-phase and quadrature  r e fe rence  s ignals  mixed with the 
VCO output t o  produce quadrature  difference frequency signals.  One of 
t h e s e  s ignals  is then  differentiated t o  produce a n  output whose amplitude 
is proportional t o  the  difference between the  VCO frequency and the  re ference  
frequency and whose phase has been shif ted back  by 90 degrees .  Th i s  signal,  
when synchronously detected by the  s ignal  f r o m  the  in-phase channel,  is 
provided with the s ign  of the frequency difference.  On low-pass f i l ter ing,  
a control  s ignal  for  the  VCO is obtained. Though the  differentiator would 
normally be the  problem in th i s  sys t em,  integrated-circui t  operational 
ampl i f ie rs  c a n  be used in  this  application. Since t h e i r  noise level  when 
operated as different ia tors  with a bandwidth of 100 MHz is 90  dB below the 
maximum output, they appear  t o  offer a n  obvious solution t o  the problem. 
T h e s e  c i rcu i t  p roblems will  be  investigated in detail  in the next phase of 
th i s  p rogram.  

T h e  dual osci l la tor  AFC s y s t e m  (Section 1V.G and  Figure  24) is 
conceptually s imple .  Two m i x e r s  and two crystal-control led osci l la tors  
a r e  used. The  two re fe rence  frequencies  a r e  equally displaced above and 
below the  des i r ed  output f requency such that the  difference frequencies  
out of t he  m i x e r s  a r e  the  s a m e  when the  VCO is exactly on the  assigned 
frequency. F o r  other  VCO frequencies ,  the  difference between the  two 
difference frequencies  is equal t o  the displacement of t he  VCO f r o m  the  
assigned frequency. T h e  AFC signal is developed by an  analog type of pulse 
counting d iscr imina tor .  Th i s  s y s t e m  requ i r e s  two c rys t a l s ,  which is a 
disadvantage s ince these  a r e  v e r y  l a r g e  components when compared  to  the  
integrated c i r cu i t s .  A l s o ,  two frequency mult ipl iers  and two m i x e r s  a r e  
needed along with balanced limiter, different ia tor ,  detector  chains in the 
two s ides  of t he  sys tem.  In spi te  of the  additional c i r cu i t ry ,  compared  t o  
other s y s t e m s ,  th i s  one may  prove t o  be  easy  t o  implement and f o r  that  
r eason  was  not eliminated at th i s  stage.  

T h e  last s y s t e m  t o  be fur ther  evaluated in the  next phase of the  p r o g r a m  
is the  dual-oscil lator gated AFC,  type I sys t em (Section IV. I and Figure  2 8 ) .  
It is likely that  one of the mult ipl iers  shown in the  block d i ag ram (F igure  28)  
can  b e  el iminated and  the switch b e  used t o  a l ternately ga te  the two osci l la tor  
outputs into a single mult ipl ier .  This  gated s y s t e m  el iminates  the  requi rement  
for  balanced l imi t e r ,  di f ferent ia tor ,  detector  chains ,  s ince one chain is used 
f o r  both of the difference frequencies .  R F  switching will  be considered he re ,  
but it is not actually requi red ,  par t icular ly  if switching is accomplished at 
the  osci l la tor  outputs; in  that  c a s e  gated ampl i f ie rs  may  b e  used. This  s y s t e m  
is interesting , but the comments  on spurious response  d iscussed  in  connection 
with the  gated d iscr imina tor  AFC s y s t e m  a l so  apply here;  the requi rement  
for  two c rys t a l s ,  both of which must  be  changed with changes in  ass igned 
frequency, is a slight disadvantage. 
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A l l  four  of t hese  sys t ems  offer a potential solution t o  the  A F C  problem. 
C i rcu i t ry  investigations t o  b e  conducted short ly  will  de te rmine  which s y s t e m  
is most  adaptable t o  implementation in  microwave integrated c i rcu i t ry .  
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SECTION I11 

FUNDAMENTAL CONSIDERATIONS 

A. BANDWIDTH REQUIREMENTS 

One of the difficult  p a r a m e t e r s  to specify f o r  a n  F M  sys t em is the 
bandwidth required f o r  c i rcu i t ry  that mus t  pass  the modulated c a r r i e r .  
While the importance of this pa rame te r  is not as g r e a t  in  t r ansmi t t e r  design 
as it is in  rece iver  design-particularly fo r  the integrated c i rcu i t ry  engineer 
who t r i e s  to use broadband c i rcu i t s  as much as possible to facil i tate design 
and manufacture-it is still significant,  The AFC c i rcu i t ry ,  fo r  example,  
is a n  a r e a  where this information i s  needed in  a n  F M  t r ansmi t t e r  and, on 
occasion,overlooked. F o r  instance,  if a d iscr imina tor  is used in  the AFC, 
reasonable l inear i ty  mus t  be maintained over  the bandwidth of the modulated 
c a r r i e r ;  otherwise the average  output of the d iscr imina tor  will not be l inear ly  
re la ted to the average  frequency of the FM wave. In a l l  c i rcu i t ry  through 
which the modulated wave p a s s e s  before  t ransmiss ion ,  it is essent ia l  that  
a f la t  amplitude cha rac t e r i s t i c  and a l inear  phase charac te r i s t ic  be main- 
tained. The objective is  to have the spec t rum of the t ransmi t ted  wave de te r -  
mined by the baseband signal and the frequency deviation and in  no way be 
influenced by the c i rcu i t ry  through which i t  pas ses .  

Both F M  and /o r  FSK modulation a r e  required.  F o r  FM the instantaneous 
frequency of the modulated wave d i f f e r s  f r o m  the c a r r i e r  f requency by an  
amount proportional to the instantaneous value of the modulating wave, The 
degree of nonlinearity allowed f o r  this  p rocess  is 1 percent ,  F o r  FSK the 
modulating wave sh i f t s  the output f requency between predetermined values 
corresponding to the f requencies  of cor re la ted  sources .  Thus, FSK can be 
accomplished by switching between the outputs of two mult ipl iers  dr iven f r o m  
the same  osc i l la tor ,  providing the frequencies  used fo r  the one and ze ro  a r e  
in tegra l  multiples of the data r a t e  and a r e  phase-locked to the data ra te .  The 
disadvantage of this approach to FSK is that premodulation fi l tering of the data 
signal to minimize spec t rum spreading cannot be employed, and a l so ,  a n  
FSK modulator of this type cannot be used as a l inear  FM modulator. On the 
other hand, i f  FSK is accomplished with a l inear  F M  sys t em (PCM/FM),  
premodulation fi l tering can  be employed. A l inear  FM modulator will allow 
modulation by a baseband consisting of a group of modulated s u b c a r r i e r s ,  
o r  a broadband analog video signal,  o r  a data signal. F o r  the present  applica- 
tion, a l inear  F M  modulator capable of providing both FM and PCM/FM is 
the obvious solution. In the following ma te r i a l  we consider the bandwidth 
requi rements  for  both of these cases .  

1. F M  

F o r  l inear  f requency modulation the pa rame te r s  of i n t e re s t  as 
given in  the specifications a r e  the peak frequency deviation, 1. 5 MHz, and 
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the bounds on the modulating baseband, 2. 0 KHz and 1. 0 MHz. A simple and 
conservative approach often used to de te rmine  the bandwidth is  a F o u r i e r  
expansion consisting of writing the equation f o r  the modulated waveform and 
assuming sinusoidal modulation by a single frequency component. This 
approach yields the f ami l i a r  group of sidebands symmet r i ca l  about the 
c a r r i e r  frequency and occurr ing  at harmonics  of the modulating frequency, 
The amplitudes of these  sidebands a r e  determined by Besse l  functions of 
o r d e r  corresponding to the o r d e r  of the sidebands with a n  argument  equal 
to  the modulation index, defined a s  the ra t io  of the peak frequency deviation 
A F  to the maximum modulating frequency fh.  F o r  this  specif ic  case  the 
modulation index i s  1. 5. Table I lists the amplitudes f o r  a l l  sidebands g r e a t e r  
than 1 percent  f o r  a modulation index of 1. 5. 

Table I. Amplitudes of Significant Sidebands in a Frequency-modulated Wave 
f o r  a Modulation Index of 1. 5 

J O U .  5) J l (1 .  5) J 2 U .  5) J3(1* 5, J4U. 5) 

1st Order  2nd Order  3 rd  Order  4th Order  
Sidebands Sidebands Sidebands Sidebands 

C a r r i e r  

f O  f o  * f h  fo  f 2fh fo  f 3fh fo  f 4fh 

0. 5118 0.5579 0. 2321 0. 0610 0. 0118 

F r o m  a rule-of-thumb c r i t e r i a  normally applied, the bandwidth should be 
wide enough to include a l l  components having amplitudes g rea t e r  than 1 percent.  
On this bas i s  the bandwidth should be *4fh; with an f h  of 1 MHz the bandwidth 
would be 8 MHz. The reason  this c r e t e r i a  yield a l a rge  bandwidth is simply 
that the highest f requency component f h  is only one component in  the modulating 
wave and as such is not capable of producing the peak frequency deviation A F .  

To be t te r  understand the power spec t rum of the modulated wave, 
we first  recognize that the baseband typically cons is t s  of a number of modulated 
s u b c a r r i e r s  o r  a video signal and not a single sinusoidal component at the 
top end of the baseband. Such a modulating signal is made up of a l a rge  number 
of components of varying amplitudes , f requencies  , and phases.  Accordingly, 
the modulating signal will have, on the average ,  essent ia l ly  the same  charac-  
t e r i s t i c s  as band-limited white gaussian noise. F o r  this reason,  we can  use  
the r e su l t s  obtained by Medhurst  f o r  the spec t r a l  distribution of a c a r r i e r  
frequency modulated by a baseband of noise. 

The curves  of F igu re  1 a r e  t akenf romMedhurs t ' s  F igu re  1. The only 
convers ionnecessary  is  i n  the frequency deviation: i n  the case  of a noise baseband 
a n  rms frequency deviation is specified,  whereas  i n  our  case , peak frequency devi- 
ation is specified. If we consider  the peak deviation to be two times the rms deviation 
(the two-sigma value of the normal  distribution),  the peakvalue will be exceeded 
4. 54 percent  of the t ime ;  if we consider it to be th ree  times the rms deviation (the 
three-s igma value),  the peakvalue will be exceeded only 0. 26 percent  of the time. 
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Figure  1. Spec t ra l  Distribution 
of a C a r r i e r  Frequency Modulated 

by Noise f o r  a Ratio of RMS 
Frequency Deviation to Maximum 

Modulating Frequency, 
fh,of 0. 5 and 0. 7 

F o r  a peak frequency deviation of 1. 5 MHz, 
the two-sigma c a s e  cor responds  to a n  
rms deviation of 0. 75 MHz and the th ree -  
s igma c a s e  cor responds  to a n  rms devi- 
ation of 0. 50 MHz. W i t h  the maximum 
modulating frequency specified as 1. 0 
MHz, the ra t io  of the rms deviation to  the 
maximum modulating frequency f o r  
the two c a s e s  is  0. 75 and 0. 50. 

The power spec t r a l  densi t ies  f o r  
these two c a s e s  a r e  shown i n  F igure  1. 
(The re  is a negligible difference i n  
the densi t ies  f o r  the deviation ra t ios  
of 0. 7, one of Medhurst ' s  c a s e s ,  and 
0, 75, one of our  cases .  ) With the 
curves  of F igure  1, a graphical  inte- 
grat ion of the tails of the spec t rum 
was pe r fo rmed  f o r  determining the 
bandwidth containing all but 0. 1 pe r -  
cent of the power in  the modulated 
waveform. F o r  the two c a s e s  
investigated,  the required R F  band- 
width (Table  11) is k2. Ofh and zt2. 6fh. 

F o r  the purpose of establishing 
useful design c r i t e r i a ,  we will requi re  
that all c i rcu i t ry  through which the 

Table 11. Bandwidth Containing 99. 9 Pe rcen t  of the Power of a 
C a r r i e r  Frequency Modulated With White Noise Having Maximum 

Modulating Frequency% fh  

A F r m s  

f h  

A Fpeak 

f h 
Bandwidth 

0. 5 

0. 75 

1.5 &2.0fh = 4.0 MHz 
( A F p e a k / A F r m s  = 3 

( A F p e a k / A F r m s  = 2 *2.6fh = 5.2 MHz 
1. 5 
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modulated wave p a s s e s  before  t r ansmiss ion  meet  the conservat ive requi re -  
ment s ta ted in  the discussion of Table I; for  example,  the bandwidth should be 
*4fh, o r  8. 0 MHz. This  will ensu re  negligible dis tor t ion of the t ransmi t ted  
wave, However, f o r  c i r cu i t ry  used only in  the AFC loop, where the only 
requirement  is  f o r  some device ( fo r  example,  a d iscr imina tor )  to have an  
average  output l inear ly  re la ted  to the average  R F  frequency, we may choose 
the m o r e  conservative of the bandwidths der ived f r o m  considering the c a r r i e r  
to be modulated with a noise baseband. Thus, the bandwidth of these c i rcu i t s  
mus t  be broad enough to cover the *2. 6fh o r  5. 2 MHz plus additional band- 
width to allow f o r  osci l la tor  tolerance and dr i f t s .  

2. PCM/FM 

The PCM/FM power density spec t rum fo r  a la rge  ra t io  of c a r r i e r  
frequency to bit r a t e  ( this  holds in  our specific c a s e )  has  been der ived in  
closed mathematical  f o r m  by assuming a random sequence of binary FM 
signals in  the f o r m  of two equally probable f requencies  with continuous phase 
transit ion.  F r o m  this work, computations of the bandwidth requi red  to con- 
ta in  specified percentages of the total  spec t r a l  power have been made. 3 
Figure  2 is a typical example of the r e su l t s  of these computations. The e f fec t  
of premodulation f i l ter ing has  been considered using a n  approximation. 4 

F o r  optimum detection of PCM/FM,  deviation rat ios  on the o rde r  of 
0. 7 to 0. 8 a r e  used, where deviation rat io  is defined a s  the peak-to-peakdeviation 
divided by the bit  ra te .  F o r  this  specif ic  case ,  and making ful l  use of the 1. 5 MHz 
peakfrequencydeviat ion,  data r a t e s  on the o r d e r  of 3. 75X l o 6  to 4. 28 X 106bits p e r  
second would produce the maximum bandwidth requirement .  F o r  lower data r a t e s ,  
the peak deviation normally would be reduced. F o r  digital  t ransmiss ion ,  it i s  
sufficient to specify that  the R F  bandwidth for  the t r ansmi t t e r  sha l l  include 99 
percent  of the power in  the modulated wave. Curves based on work previously 
re ferenced  were  used to obtain the r e su l t s  of Table 111. 

Table 111. Bandwidth Containing Specified Percentages  of the Power 
in  a C a r r i e r  Frequency Modulated With a Random Binary 
Data Sequence With and Without Premodulation Fi l ter ing 

Pe rcen t  of Power Without Premodulation F i l t e r  With Premodulation Filter:: 

90 
99 

90 
99 

Deviation Ratio = 0. 7 (2A Fpeak/fb)  
fb  = 4. 28 x 106 bi ts  p e r  second 

0. 9 7  fb  = 4. 16 MHz 0.96 fb  = 4. 12 MHz 
1. 79 fb = 7. 67 MHz 1. 60 fb  = 6.86 MHz 

Deviation Ratio = 0. 8 
f b  = 3 .  75 X 106 bi ts  pe r  second 

1. 01 fb = 3 .  79 MHz 1. 01 fb  = 3. 79 MHz 
1. 94 fb = 7. 27 MHz 1. 78 fb  = 6. 67 MHz 

*Gaussian low-pass f i l t e r  with 3-dB cutoff a t  the bi t  r a t e  
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Figure  2. Band Occupancy of C a r r i e r  Frequency Modulated With  Random Binary 
Sequence of Bit  Rate fb  With Peak-to-peak Deviation 2A F 

(No Premodulation F i l t e r )  

We may now compare the bandwidth requirement  f o r  PCM/FM 
with the requirement  for  l inear  FM previously established. Fo r  signal c i rcu i t s ,  
we r equ i r e  that  the bandwidth be l a rge  enough to  contain 99 percent  of the 
power in  the modulated wave. F r o m  Table 111, we note that the maximum band- 
width condition occurs  fo r  a deviation rat io  of 0. 7 with no premodulation fi l tering; 
this  bandwidth is 7. 67 MHz. F o r  the l inear  case ,  8. 0 MHz is needed and 
establ ishes  the requirement.  F o r  AFC c i rcu i t ry ,  it is sufficient that  90  percent  
of the signal spec t rum be passed. F r o m  Table 111, the l a rges t  bandwidth also 
occurs  fo r  a deviation ra t io  of 0. 7 with no f i l ter ing;  this  bandwidth is 4. 16 MHz. 

11 



F o r  the l inear  FM case ,  this  requi rement  is 5. 2 MHz and is a l so  the l a r g e r  
of the two values.  Accordingly, the bandwidth specifications a r e  8. 0 MHz 
f o r  signal c i rcu i t s  and 5. 2 MHz fo r  AFC circui ts .  

B. INDIRECT FREQUENCY MODULATION 

Bas ic  F M  t r ansmi t t e r  configurations may be classif ied according to 
the method of generating the frequency modulation-direct or indirect-and, 
if d i r ec t ,  according to the method of AFC. The advantage of the ind i rec t  
method of FM,  which is accomplished by phase modulating a n  osci l la tor  
with the integral  of the bas ic  modulating signal,  is that  no AFC is required,  
This r e su l t s  f r o m  the f ac t  that  a c r y s t a l  osci l la tor  may  be easi ly  phase 
modulated. The disadvantage is the l a rge  amount of multiplication usually 
requi red  following the phase-modulated osci l la tor  i n  o r d e r  to build up the 
requi red  frequency deviation in  the output modulated wave. Whether the 
indirect  FM approach is feas ib le  depends on the amount of multiplication 
requi red  with the attendant c i rcu i t  complexity in  comparison with other  
approaches.  The following analysis  es tabl ishes  the amount of multiplication 
required.  

In f requency modulation, the modulating signal V( t )  modulates the 
c a r r i e r  A, cos w,t such  that  the resul t ing modulated wave is 

t 

where K1  is a constant having the units of radians/second/vol t .  Similar ly ,  
the express ion  f o r  a phase modulated wave is 

Mp(t) = A, COS [ w  .t 4- d)(t)] 

where O ( t )  i s  the instantaneous depar ture  in  the phase of the modulated wave 
f r o m  the phase of the unmodulated wave, Thus, if frequency modulation is 
to be accomplished with a phase-modulated t r ansmi t t e r ,  6(t) mus t  be [ f r o m  
equations (1)  and ( 2 ) ]  

t 
b ( t )  = K1 V(t )  d t  ( 3 )  

This integration is pe r fo rmed  by a c i rcu i t  before  the modulating signal reaches  
the modulator. F o r  the l inear  F M  case ,  the modulation may  be considered to 
be  a s imple sinusoid of f requency fm. 

V( t )  = Am cos w m t  (4) 

Substituting Equation (4) i n  Equation ( 3 )  and performing the s imple integration 
yields 

4 ( t j  = s i n  w,t 
wm 
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Returning to Equation ( l ) ,  we note that the instantaneous frequency W i is given 
by 

W i  = Wc t K1V(t) 

W i  = W C  + KIA, COS Wmt 

(6)  
Substituting Equation (4) i n  Equation (6) yields 

( 7 )  

If the amplitude Am in  Equation (4) corresponds to fu l l  modulation, f r o m  
Equation (7 )  the r e su l t  is 

KIAm = 2 x O F  ( 8 )  

where A F  is the peak frequency deviation. Substituting Equation (8) in Equation (5) 

s in  W m t  
A F  4( t )  = - 
f m 

yields 

f r o m  which the peak phase deviation is obviously 

A F  a = - - -  
f m 

( 9 )  

The maximum value of Equation (10) occurs  for  the lowest modulation frequency 
to be encountered, f, = fQ  , F o r  this specific case ,  with A F  = 1. 5 MHz and 
fQ = 2. 0 KHz, the peak phase deviation i s  750 radians.  

Only a sma l l  amount of phase deviation can be obtained in  the modulator 
if the dis tor t ion is to be held to a low value;  a typical value is 0. 3 radian. 
Thus,  a multiplication of 750/0.  3 = 2500 is requi red  i n  o rde r  to achieve the 
des i red  frequency deviation in  the output signal. When the multiplication factor  
is this high, frequency t ranslat ion (down conversion) is necessary  and is 
typical of the indirect  method of frequency modulation. A block d iagram of 
this type of t r ansmi t t e r  is shown in  F igure  3. 

The la rge  amount of multiplication necessary  with attendant spurious 
signals f o r c e s  the use of stable,  nar row bandpass f i l t e r s  as inters tage elements  
o r  bandpass f i l t e r s  i n  combination with a phase-locked loop. An additional 
problem with this  sys t em is associated with the integrator .  This c i rcu i t  mus t  
function as a n  integrator  over a frequency range of 2. 0 KHz to 1. 0 MHz, a 
range of near ly  nine octaves.  The indirect  method of frequency modulation 
is par t icular ly  unsuited to implementation in  integrated c i rcu i t ry  because 
of the relatively l a rge  number of mult ipl ier  s tages  and nar row bandpass f i l t e r s  
needed. F o r  these reasons ,  it has  been rejected i n  favor  of the d i rec t  FM 
approach. 

C. DIRECT FREQUENCY MODULATION 

A variety of bas ic  configurations of d i r ec t  frequency modulation t r a n s -  
mi t t e r s  a r e  discussed i n  Section IV. Almost all of these a r e  alike in  VCO, 
the d r i v e r  s tages ,  and the power amplif ier .  They differ  in the method of 
achieving AFC. Even so, the bas ic  requirements  of open-loop gain and the 
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Figure  3 .  FM Transmit ter-Indirect  Method of Modulation 

cutoff f requency of the low-pass f i l t e r  through which the e r r o r  signal pas ses  
before applying compensation to the VCO a r e  essent ia l ly  the same.  The open- 
loop gain de te rmines  the f rac t iona l  cor rec t ion  which can  be applied to  the 
uncompensated VCO center  frequency. The open-loop gain and the cutoff 
frequency of the low-pass  f i l t e r  determine the cha rac t e r i s t i c s  of the sys t em 
in  its speed of response  and amount of modulation distortion. On the one 
hand, we d e s i r e  a fast response to minimize the effect  of a changing 
environment, but on the other  hand, we need a relat ively slow response to 
avoid dis tor t ion of the modulation. The genera l  requi rements  a r e  reviewed 
h e r e  and specif ic  requi rements  fo r  par t icu lar  AFC sys t ems  a r e  reviewed 
in  the following section. 

1. Open-loop Gain 

A l l  the AFC sys t ems  function essent ia l ly  a s  shown in F igure  4A. 
The instantaneous output frequency is  compared with a stable re ference  
frequency and a n  e r r o r  voltage derived. This voltage is passed  through a 
low-pass f i l t e r  to remove modulation components and then applied to the 
VCO to reduce the e r r o r  i n  the center  frequency of the VCO. The e r r o r  
voltage may be obtained f r o m  a d iscr imina tor  operating with a mixe r  and 
the multiplied output of a c rys t a l  osc i l la tor ,  o r  f r o m  a d iscr imina tor  with 
the input switched between the signal and the r e fe rence ,  o r  f r o m  some f o r m  
of pulse d iscr imina tor .  The resu l t  is basical ly  the s a m e  i n  all cases .  
F igure  4B shows this bas ic  loop with the summing junctions and t r a n s f e r  
functions of the operating elements .  ( W  ' s  denote the time domain quantit ies 
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and a's  the  s-domain q u a n t i t i e s . )  The output frequency wo is the  s u m  of the 
VCO uncompensated cen te r  frequency, wV; the open-loop component of the 
instantaneous frequency due to the modulation, Up; and a compensation t e r m  
obtained by comparing the output of the  VCO with the r e fe rence  frequency,  W r .  
A l s o ,  K1 is the  VCO constant expressed  in  rad ians /second/vol t ,  and K2 is 
the d iscr imina tor  constant expres sed  in  vol ts / radian/second;  K3 is dimen- 
s ionless  and includes the gain (loss) of ampl i f i e r s ,  frequency conve r t e r s ,  
the f i l ter  and summing junctions. The term G ( s )  includes the frequency 
var ian t  pa r t  of the  open-loop t r a n s f e r  function, the mos t  significant pa r t  
of which is the low-pass f i l ter  t r ans fe r  function. In F igure  4C the var ious  
gains have been  combined into a single dimensionless gain constant,  K. 
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The closed-loop response  f o r  the s imple  s y s t e m  of F igure  4C is 

If the low-pass f i l ter  is a single sect ion RC network and  the 3-dB cutoff 
f requency is v e r y  much lower than other  c i rcu i t  e lements  in  the sys t em,  we 
have 

1 / R C  
S t ( l / R C )  

G ( s )  = 

Substituting Equation ( 1 2 )  in Equation (11) (noting that wv and W r  a r e  constants 
and employing the f inal  value theorem) , we obtain the s teady-state  solution 
of Equation (1 1) , with no modulation: 

W V  

1 t K  wo = - i 

Equation ( 1  3 )  m a y  be a r r anged  t o  yield 

r 
1 t K  

1 t K  

Equation (14) shows that the output f requency d i f fe rs  f r o m  the 
re ference  frequency W y  by a n  amount equal to the deviation of the  uncompensated 
VCO frequency f r o m  the r e fe rence  divided by the open-loop gain (for  K >> 1) .  
Unfortunately, the r e fe rence  frequency i tself  d i f f e r s  f r o m  the assigned output 
frequency. The combined effect of the stabil i t ies of the two osc i l la tors ,  VCO 
and re ference ,  produces a n  output stabil i ty [ f r o m  Equation (14)] of 

A l l  f requencies  a r e  a s s u m e d t o b e  approximatelythe s a m e ,  where  t io  is 
the output frequency stabil i ty inpe rcen t ,  6, the  VCO frequency stabil i ty in percent ,  
a n d d r  the re fe renceosc i l l a to r  s tab i l i ty inpercent .  It is, of course,  evident that the 
wors t  c a s e  occur s  when 6 r  and 
yields 

havethe s a m e  sign. Rear rangement  of Equat ion(l5)  

A value of 6, = 2 percent  should be allowed to  cover  all changes 
in  the VCO frequency, including initial manufacturing tolerance , variat ions 
due t o  t empera tu re  as wel l  as aging effects. Since the ultimate objective is 
t o  provide a n  extremely small t r a n s m i t t e r ,  the  c r y s t a l  used will  probably 
have a combined to le rance  and long- te rm drif t  of 3 ~ 0 . 0 0 2  percent.  The c o m -  
bined effects of t hese  two osc i l la tors  on  the output frequency de termine  the 
value of K requi red  to  mee t  the output frequency stabil i ty specification of 
0 .005  percent .  Substitution of these  values  in Equation (16) shows that the  
requi red  value of K is 667, o r  56.5 dB. Equation (16)  is plotted in F igu re  5 
for  a range  of p a r a m e t e r  values  normally of in te res t .  The  main  thing to note 
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f r o m  this  f igure is that  t h e r e  is l i t t le  point i n  improving the stabil i ty of the 
re ferenced  osci l la tor  if the  VCO stabil i ty is poor and  the open-loop gain is 
low. However,  as VCO stabil i ty is improved and open-loop gain increased ,  
the output frequency stabil i ty becomes  m o r e  dependent on the re ference  
oscillator stabil i ty.  Under these  conditions it becomes des i rab le  to improve  
the re ference  oscillator stability. 

2 .  Low -pass Filter Cutoff Frequency 

Unfortunately , the c los  ed-loop A F C  s y s t e m  int r oduc es distortion 
into the modulation component of the output. Returning t o  Equation (1 11, we 
note that  the closed-loop t r ans fe r  function for  t he  modulation component is 

1 
(17) = 

RP 1 t KG(s) 

where  QP is the t r a n s f o r m  of the open-loop component of the instantaneous 
frequency due to  modulation and  Rop is the  t r a n s f o r m  of the closed-loop 
component of the instantaneous frequency due to modulation. With the 
applied modulation a s imple  sinusoid,  w e  obtain 

W P = K1V(t) = A W s i n  w m t  (18) 

where  Aw is the peak deviation due to  the  modulating s ine  wave of f requency Wm. 
Substituting Equation (12) and  the t r a n s f o r m  of Equation (18) into Equation (17) 
and taking the inverse  t r a n s f o r m ,  we obtain the s teady-state  component of the 
instantaneous frequency due to modulation: 

s i n  ( w m t  t p )  (19) 
( ~ 3 1 2  + 

OPS = [ L(1 f K)w3I2 +(w& 
W 

where  W3 = l / R C ,  the 3-dB cutoff f requency f o r  the low-pass f i l t e r ,  exp res sed  
in  rad/s.  When Equation (19) is compared  with Equation (18), w e  s e e  that 
frequency-dependent amplitude and phase  t e r m s  have been introduced. These 
r ep resen t  distortion of the des i r ed  modulation as given by Equation (1 8). 

The amount of amplitude dis tor t ion given by the rat io  of the 
amplitudes of Equations (19) and (18) is 

a! = 10 log10 (attenuation i n  dB) ( 2  1) 

Inspection of Equation (21) shows that  cy approaches 0 dB as the  modulation 
frequency is increased .  Thus , the  effect of the closed-loop AFC s y s t e m  is 
to  introduce a droop i n  the  response  at the low-frequency end of the modu- 
lation baseband. Equation (21) is plotted i n  F igu re  6 for  t h r e e  values  of 
attenuation. For our  specific c a s e ,  w e  a s s u m e  that a 0.1 -dB droop in  the 
response  at the lowest modulation frequency, 2 KHz, c a n  be allowed. With 
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the  loop gain previously s e t  at 667 , the  3-dB cutoff frequency of the low-pass  
f i l t e r  is [ f r o m  Equation (2111 0 .46  Hz.  This  is not the limiting c a s e ,  as will  
be seen.  

The phase shift introduced into the modulation by the closed-loop 
AFC s y s t e m  is given by Equation (20).  This phase function mus t  be e i ther  
negligibly small f o r  all f requencies  a c r o s s  the baseband o r  it m u s t  b e  a 
l inear ly  increasing function of frequency. Any depa r tu re  f r o m  l inear i ty  
introduces t ime-delay distortion. F u r t h e r m o r e ,  the phase angle mus t  be  
z e r o  for  z e r o  frequency, i f  z e r o  intercept  dis tor t ion is to  be avoided. This 
zero- intercept  c r i t e r ion  m a y  b e  ignored for  a baseband consisting of 
modulated s u b c a r r i e r s ;  it cannot be ignored when the baseband cons is t s  of 
an  unmodulated s ignal  such as video. 

Inspection of Equation (20) shows that  the phase angle is z e r o  at 
z e r o  frequency,  but it a l so  approaches z e r o  fo r  high modulation frequencies .  
Using a s e r i e s  expansion f o r  the arctangent  function, we  may r ewr i t e  
Equation (20) as 

where  Wm/W3 >> 1 , K >> 1 , and wm/Kw3 > 1. In genera l ,  the  contribution 
of the second t e r m  on the right-hand s ide  of Equation ( 2 2 )  is quite small; 
higher-order  t e r m s  have been  neglected.  Since p will  b e  essent ia l ly  z e r o  
for  the highest modulation frequency of in te res t ,  we would p re fe r  that  it 
b e  z e r o  fo r  all f requencies .  Investigation of the derivative of Equation (20) 
shows that  the maximum phase shift occu r s  when 

Substitution of Equation (23 )  into Equation (20) gives the maximum phase shift: 

Evenfo r  sma l lva lues  of K ,  s u c h a s  K = 100,Pmax = 78.5 degrees .  S u c h a l a r g e  
phase shift  cannot be  tolerated.  The maximum phase shift occu r s  at a v a l u e  of W m / W 3  

much lower thanwe can  allow. Thus , for  our  purposes  the  re la t ive  maximumvalue  
of p will  occur  at the lowest modulation frequency of in te res t .  

To minimize the effect of time delay dis tor t ion,  the  following c r i t e r ion  
is used: the  var ia t ion of phase shift a c r o s s  t h e  baseband f r o m  the b e s t  straight-l ine 
f i t  cannot exceedthe  equivalent of*t.lr/Z r adians phase  shift at the highest modulation 
frequency. Unfortunately, the g rea t e s t  depar ture  f r o m  the bes t  s t ra ight- l ine fit- 
which is actually z e r o  phase  shift  for  all f requencies  -occurs at the lowest frequency 
where  the  equivalent 
The allowedvalue is 

of h - / 2  rad ians  at the  highest modulationfrequency is small. 
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where  PQ is the maximum value of phase shif t  
f requency,  and WQ and Wh are the l o w e s t  and the highest modulation frequen-  
c i e s  in  the baseband, respect ively.  Investigation shows that the  second t e r m  of 
Equation (22) may  b e  neglected. Substituting Equation (25) into Equation (22) 
and  WQ fo r  W m  i n  Equat ion  (22), we  obtain 

allowed at t h e  l o w e s t  modulation 

This equat ion is plotted in  F igure  7 for  s e v e r a l  va lues  of the open-loop gain K. 
For the  specif ic  c a s e  of in te res t ,  K = 667, f Q  = 2 KHz, f h  = 1 MHz, and  the 
3-dB cutoff frequency for  the low-pass  f i l ter  is 0.00942 Hz,  approximately- 
0 .01 Hz. If the cutoff frequency is m a d e  higher than this  value,  excessive 
time delay dis tor t ion will  resu l t .  

Depending upon the exact s t ruc tu re  of the video baseband signal,  
it may  b e  possible  to  inc rease  the 3-dB cutoff f requency.  If this  baseband 
s ignal  is s t ruc tu red  similar to  a conventional television signal,  it is only 
necessa ry  that the c r i t e r ion  d iscussed  above be m e t  f o r  f requency components 
at the l ine r a t e  and above. For lower  frequency components,  only the s t ep  
response  is important .  Too much droop in  the s tep  response  f o r  a per iod 
equal t o  the lowest modulation frequency involved produces shading down of 
the reproduced picture .  

Using the t ransfer  function of Equation (17) and the s a m e  single 
sect ion low-pass filter whose t r ans fe r  function is given by Equation (12),  
the s tep  r e sponse  c a n  b e  shown to  be  

- 1 t K exp [-(1 t K)w3t] 
1 t K  *opt - 

Since the lowest modulation frequency is 2.0 KHz, we 
the amount of droop in  the  s tep  response  a f te r  a time 

a r e  concerned  with 
of 250 p s ,  one-half 

per iod at 2.0 KHz squa re  wave. Based  on Equation (27),  the requi red  
3-dB cutoff f requency as a function of the open-loop gain K for  var ious  
amounts of droop in  the s tep  response  has  been de termined  (F igu re  8) .  

In genera l ,  5 - t o  6 -percent  droop c a n  b e  tolerated.  This is the 
equivalent of 0 .5  dB. With the loop gain se t  at 667, a low-pass cutoff 
f requency of 0.055 Hz produces 0.5 dB droop. 

Table  IV s u m m a r i z e s  the  r e su l t s  of this  analysis  of the r equ i r e -  
ment  for  the low -pass  f i l t e r .  Clear ly ,  t ime-delay dis tor t ion considerat ions 
establ ish the requi rement  fo r  a 0.01 -Hz cutoff frequency. 
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Table IV. Low-pass F i l t e r  3-dB Cutoff Frequency Requirement fo r  
T hr  e e Differ ent Modulating Sig nal C ha rac t  e r  ist ic s 

Required 3-dB cutoff 
Charac t e r  is t ic  Specification frequency for  

low -pass f i l t e r  

Response to a s ine  wave a t  
the lowest modulating 
frequency,  2 . 0  KHz 

0 .1  dB down 0.46 Hz 

Time -delay distortion 
ac  r o s  s total  baseband 

250 ns 0 .01  Hz 

Step response  0 . 5  dB down 250 ms 0 .05  H z  
af te r  s tep  
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Figure  7 .  Ratio of the Lowest Modulation Frequency fQ to the 3-dB Cutoff 
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SECTION IV 

DIRECT F M  TRANSMITTER CONFIGURATIONS 

To achieve the  center  frequency stabil i ty requi red ,  0 .005 percent ,  
s o m e  f o r m  of c r y s t a l  control  is essent ia l .  The re  are t h r e e  bas ic  approaches 
t o  realizing this  frequency control  in  d i r ec t  F M  te l eme t ry  t r ansmi t t e r s .  

The s imples t  approach  uses  a voltage-controlled c rys t a l  osci l la tor  
(VCXO) that is capable  of providing the cen te r  frequency stabil i ty while 
allowing frequency modulation. This sys t em,  however , has fundamental 
l imitations;  these  will  be discussed.  

In the  second bas ic  approach,  the objective is to  allow the use of 
a relatively unstable voltage-controlled osci l la tor  (VCO) but a l so  attempting 
t o  “swamp out“ the instabil i ty in the output frequency by  employing a 
crystal-control led osci l la tor  whose frequency is mixed  with the VCO 
frequency. The s u m  of the two frequencies  es tabl ishes  the output frequency. 
The l a r g e r  the ra t io  of the crystal-osci l la tor  f requency to the VCO 
frequency,  the  more dependent the output f requency stabil i ty becomes  
on the crystal-osci l la tor  stabil i ty and  the  less dependent it becomes  on 
the VCO stability. This s y s t e m  has its l imitat ions,  as will be seen .  

The th i rd  approach uses  a n  unstable VCO operated with a n  automatic-  
frequency-control (AFC) feedback loop. Of the t h r e e  approaches ,  this  is 
the only one capable  of meeting the per formance  requi rements  for  this 
t r ansmi t t e r .  Nine var ia t ions of the AFC s y s t e m  a r e  considered in  this 
section. 

A .  DISCRIMINATOR AFC 

One of the oldest  and s imples t  techniques used f o r  AFC is shown in 
F igure  9.  The VCO output and  the r e fe rence  osci l la tor  output a r e  mixed to  
der ive a difference frequency. This difference frequency is then compared  
with the  cen te r  frequency of the  d iscr imina tor ,  and a n  e r r o r  voltage is 
developed and fed back t o  the  VCO. The feedback is negative and the c i rcu i t  
functions to reduce  the  discrepancy between the difference frequency and 
the discr iminator  center  frequency. The  a r rangement  is s imple and  effec- 
tive, within limits. The l imitation is due to  the dependence of the controlled 
var iab le  on the to le rance  and stabil i ty of the d iscr imina tor  center  frequency. 

The r e fe rence  signal developed by the crystal-control led osci l la tor  
can  be made  t o  fall within *O .  001 t o  io. 002 percent  of the des i r ed  frequency 
without oven control ,  including the  combined effects of the  init ial  manu- 
facturing to lz rance ,  long- te rm drif t ,  and  s h o r t - t e r m  instability. This is 
two o r d e r s  of magnitude l e s s  than the  combined to le rance  and stability 
effects assoc ia ted  with the  d iscr imina tor  center  frequency. (Crys t a l  
d i scr imina tors  are  not applicable because  of the i r  narrow bandwidth.) 
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Figure  9 .  Discr iminator  AFC -FM Transmi t te r  

F o r  this  reason ,  it is essent ia l  that  the influence of the discr iminator  on the 
average  frequency of thz VCO be  minimized. This may be  accomplished 
simply by choosing the re ference  frequency c lose  to  the  unmodulated output 
frequency of the VCO. This makes  the difference frequency small and the 
center  frequency of the  discr iminator  low, thus reducing the  effect  of 
inaccuracies  in the center  frequency of the d iscr imina tor  on the output 
frequency of the VCO. This situation may be  investigated with the a id  of 
F igure  10. 

In F igure  10A, V(s) r ep resen t s  the modulating voltage applied to  the 
VCO; K1 is the  VCO constant expressed  in radians/second/vol t  input, and 
nv is the  uncompensated center  frequency of the VCO. The output frequency 
flo is subtracted f r o m  the re ference  frequency fir in  the mixer  and added 
t o  the center  f requency of the d iscr imina tor  a d .  The polarit ies shown a r e ,  
of cour se ,  for  negative feedback and a s s u m e  low side injection; for  example,  
the re ference  osci l la tor  frequency is l e s s  than the output frequency. The 
discr iminator  conversion constant (shown as the block labeledK2) is expressed  
in  vol ts / radian/second input. The t r a n s f e r  function K3G( s) represents  the 
low-pass f i l t e r  charac te r i s t ic .  The block d iagram of F igure  10B is a 
simplification of the  d iagram of F igure  10A. The open-loop gain K is the  
product of K1, K2, and K3. The modulation has  been r e f e r r e d  to  the output 
and  is represented  as $2 this  is the t r a n s f o r m  of the instantaneous frequency 
component of the  output due to  the modulation. 

P; 
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Figure  10. Discr iminator  AFC Loop 

The  closed-loop response  fo r  the  s y s t e m  of F igure  10B is 

n v  f flp + KG(s) (nd t R r )  eo = 
1 f KG(s) 

With a single szction low-pass RC f i l te r ,  G(s) is given by 

1 /RC 
S + ( l / R C )  G(s)  = 

Substituting Equation (29) in  Equation (28) and assuming no modulation, the 
steady-state response is given by 

where  WvJ  Wd, and W r  a re  all constants .  Equation (30) m a y  b e  r e a r r a n g e d  to  
yield 

WO W r  t + 
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The last t e r m  on the right-hand s ide  of Equation (31) is the amount by which 
the output frequency differs  f r o m  the des i r ed  value,  which is the s u m  of the 
r e fe rence  frequency and d iscr imina tor  center  frequency. 

F r o m  Equation (30), the  effect  of the var ious  cen te r  frequency 
s tabi l i t ies  may be  de te rmined  with 

The p r imed  va r i ab le s  denote design center  va lues ,  fo r  example 

where  

6 o  is the output f requency s tabi l i ty  in percent  
tiv is the  VCO center  frequency in  percent  
6d is the d iscr imina tor  Center frequency i n  percent  
6, is the r e fe rence  osci l la tor  center  frequency in  percent  

Using the r e l a t i o n s  of Equation (33) in  Equation ( 3 2 ) ,  we can  solve fo r  t he  
r a t io  of the design center  values  of the d iscr imina tor  center  frequency t o  
the  output frequency in  t e r m s  of the var ious stabil i ty fac tors  and the open- 
loop gain K. The resu l t  is 

F o r  the spec ia l  c a s e  of K-+w 

These two equations a r e  plotted in  F igu re  11 as 
center  frequency stabil i ty fo r  a r equ i r ed  output 

a function of the d iscr imina tor  
frequency stabil i ty of 0.  005 

percent  and a r e fe rence  osci l la tor  stabil i ty of 0 .001  percent .  

The d iscr imina tor  center  frequency stabil i ty probably cannot be  held 
c lose r  than 0.25 percent  including the combined effects of init ial  to le rance ,  
ambient  t empera tu re  changes,  and long- te rm aging effects .  Under these  
conditions and with infinite open-loop gain,  the r a t io  of the d iscr imina tor  
center  frequency to  the R F  output frequency is 0 .016 ,  o r  1 . 6  percent .  
Unfortunately, the long- te rm stabi l i ty  of the VCO is expected to  b e  in  this  
same range ,  1 to  2 percent .  Thus,  the  combined requi rement  dictates  the  
need f o r  a d iscr imina tor  having a bandwidth equal t o  approximately two times 
the  center  frequency. This  approach is unsuitable f o r  another reason:  The 
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f o r  a Reference Osci l la tor  Stability of 0 .001  Pe rcen t  and a 
Required Output Stability of 0.005 Pe rcen t  
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Figure  1 2 .  Gated Discr iminator  AFC -FM Transmi t te r  

d i scr imina tor  is f a r  too low for effective implementation i n  integrated 
c i rcu i t ry .  F o r  these  r easons ,  this  s imple  d iscr imina tor  AFC w a s  not 
considered fur ther .  

B. GATED DISCRIMINATOR AFC 

The ga teddiscr imina tor  AFC sys t em (F igure  12) is  capable of performance 
that is significantly improved over  that of the s imple d iscr imina tor  AFC system. 
In the improved sys tem,  the center  f requency stabil i ty of the d iscr imina tor  does 
not influence the stabil i ty of the outputfrequency. The square-wave generator  of 
F igu re  12 al ternately switches ei ther  the R F  output f requency o r  the r e fe rence  
frequency into the l imi te r -d iscr imina tor  f o r  equal per iods of time. The re ference  
frequency and the d iscr imina tor  center  frequency are  chosenequal  to the des i red  
output f requency. 

In the operation of the sys tem,  F igu re  13, the d iscr imina tor  center  frequency 
fd  canbe  d i f fe ren t  f r o m  the r e fe rence  frequencyf,  (F igu re  13A). The systemfunc-  
tions to c o r r e c t  the discrepancy between the outputfrequencyfo and f r  by developing 
the associated voltages eo and e r  a t  the output of the discr iminator .  F igu re  13B shows 
the t ime waveform resul t ing f r o m  the square  wave-switching. The modulation is 
superimposed on the meanvalue  of the outputfrequency and thus appears  i n  the dis-  
c r imina tor  output. This  signal cannot be used d i rec t ly  as a n  e r r o r  signal because 
of the difference betweenfd and f r .  I f ,  however, the signal is simply a c  coupled the 
dc offset  is removed (F igu re  13C). Final ly ,  the signal is synchronously demodulated 
by a second switch d r i v e n f r o m  the square-wave generator .  The output of this 
switch (F igu re  13D) is then passed through the low-pass f i l t e r  and applied to 
the VCO. In the c a s e  shown, f r  is lower than fo; had the r e v e r s e  been t rue ,  the 
polarity of the e r r o r  signal of F igu re  13D would be negative. 
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Figure  13. Gated Discr imina tor  AFC Operation 

This  basic AFC s y s t e m  has  been used in  point-to-point microwave 
7 communications s y s t e m s ,  in  Te l s t a r5 ,  6 ,  and in t e l eme t ry  t r a n s m i t t e r s  , 

However,  the R F  signals  into the l imi te r -d iscr imina tor  w e r e  at a relat ively 
low frequency,  around 70  MHz. Recent advances in  P IN surface-or iented 
diodes have made  i t  possible  to  switch at S-band; fu r the rmore ,  t hese  devices  
w e r e  designed for  application to  microwave integrated c i rcu i t s .  

The  s y s t e m  functions exactly as descr ibed  in  Section 1II.C with r e g a r d  
to  the open-loop gain requi rement  and low-pass filter cha rac t e r i s t i c s .  The 
s y s t e m  c a n  be t r ea t ed  as a linear-feedback cont ro l  s y s t e m  because the 
switching rate is much higher than the  cutoff frequency of t he  low-pass 
f i l ter .  The choice of the switching frequency is, however,  dependent on 
the modulating s ignal  spec t rum.  
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The low frequency content of the  modulating s ignal  spec t rum along 
with the  open-loop ga in  and the low-pass  f i l t e r  cutoff frequency place a 
constraint  on the choice of the switching frequency.  This  c a n  b e  seen  by 
investigating the Four i e r  s e r i e s  of the  periodic s ignal  at the output of the  
d iscr imina tor .  The squa r  e-wave switching function of unit amplitude c a n  
b e  shown t o  be 

?T sin n- 2 
cos n U s t  

n= 1 

where  w S  is the  square-wave switching frequency in  r a d / s ,  and  n is the  o r d e r  
of the harmonic.  B a s e d  on the waveform of F igu re  13D,  which r ep resen t s  the 
output of the synchronous de tec tor ,  and assuming the modulation t o  b e  a 
sinusoid of frequency f m ,  the output of the d iscr imina tor  is 

where  

W, is the frequency of the modulating sinusoid in  r a d / s  
edc is the dc value of the e r r o r  voltage 
Am is the  amplitude of the detected sinusoid. 

The problem a r i s e s  when 
the low-pass  f i l ter  and modulate the  VCO. The ampli tudes of the components 
of Equation (37) a re  shown in F igure  14. If any of the lower-order  odd 
harmonics  of the  switching frequency fall near  a significant low -frequency 
component of the modulation, v e r y  low -frequency modulation of the  VCO 
can  resu l t .  

- nus) becomes  small enough to  pas s  through 

Seve ra l  things c a n  b e  done to minimize o r  e l iminate  this effect. First, 
the switching frequency should be  chosen such that none of its odd harmonics  
a r e  near  p r i m a r y  power frequencies  o r  f ie ld  r a t e s  of video s ignals .  Second, 
a bandpass  filter c a n  be  used at the  output of the d iscr imina tor  designed to  
pass  the fundamental  of the  switching frequency and suppres s  the harmonics .  
Finally,  the  switching waveform c a n  b e  designed t o  eliminate the  harmonics;  
f o r  instance,  a sine-wave switching function could b e  used. This is not 
normally done s ince it places  a n  added constraint  on the  matching of diodes 
used in the  switch. 

The  extent of the problem c a n  be  determined by a n  analysis  of the 
effect t hese  spurious s ignals  have on t h e  modulated output of t he  t r a n s -  
mitter. In F igu re  15A the  spurious s ignal  bIq is represented  as being 

3 2  



w, -ws 0, w, +ws  w, + 5ws 

1 .o 

0.5 

w, + 3ws I 

Figure  14. Relative Amplitudes of the Spec t ra l  Components 
Centered on the Modulation Frequency 

A .  Qta Q r  

B. f 
35737 

Figure  15. Gated AFC Loop f o r  
Study of Spurious Output 

summed into the sys t em a t  the input 
of the discr iminator .  The notation of 
F igu re  15 is the same as that used in  
F igu re  4. Thus, as far a s  the effect 
on the output is  concerned, the s imple 
d i ag ram of F igu re  15B may be  used. 
Taking G( s )  f r o m  Equation (12),  we 
obtain the t r ans fe r  function 

(38) 
5= KO3 
Slq S t 0 3 ( 1 t K )  

where the substitution W3 = 1/RC has  
been made  and 03 is the 3-dB cutoff 
frequency of the low-pass f i l t e r  i n  
r a d s / s .  The significant p a r t  of the 
spurious signal as given i n  Equation 
(37) is 

7T s in  n- 
2 

COS ( W m  - nws)t (39) - 
7T 

n- 
2 

%l - 

In Equation (39), s ince the rat io  of 
modulating signal to spurious signal 
is des i red ,  the amplitude of the 
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spurious signal has  been normalized to 
which i s  the f i r s t  t e r m  in the b r a c e s  of 
operations a r e  per formed on Equations 
s ta te  component i s  found to be 

the amplitude of the modulating signal, 
Equation (37). When the indicated 
(38) and (39), the result ing steady- 

11/2 

f o r  K >> 1. F r o m  Equation (40), the re lat ive attenuation of the spurious signal 
is seen to be 

f o r  n odd only. Equation (41) i s  plotted in  F igure  16, which shows that beat 
f requencies  produced between the modulation frequency and harmonics  of 
the switching frequency must  be relatively high if significant spurious signals 
a r e  to be avoided in  the output. F o r  example,  with f 3  = 0. 01 Hz and K = 500, 
bea ts  between a modulation frequency and the th i rd  harmonic of the switching 
frequency must  be a s  high a s  106 Hz f o r  a 40-dB spurious level and 1060 Hz 
f o r  a 60-dB spurious level. The effect  of beat  f requencies  produced by the 
higher-order  harmonics  of the switching frequency is, of course ,  less .  

The need f o r  a low switching frequency i s  evident. It i s  a l so  likely, 
depending upon the baseband cha rac t e r i s t i c s  , that a bandpass f i l t e r  should 
be used between the d iscr imina tor  output and the synchronous detector  to 
l imi t  the response to the fundamental of the switching frequency and the 
narrow spectum around the fundamental. 

Despite this problem the gated A F C  sys tem o f f e r s  severa l  advantages. 
Among these a r e  f reedom f r o m  discr imina tor  center  frequency stability 
effects ,  the need f o r  only one frequency mult ipl ier ,  and single c rys t a l  
control-some of the sys tems to be discussed subsequently in  this section 
requi re  two crys ta l s .  

The R F  switch used a t  the input to the l imi t e r  d i scr imina tor  normally 
would be considered a problem, Recent advances in  semiconductor technology, 
however, have resul ted i n  the availability of P I N  surface-or iented diodes 
designed fo r  use  with mic ros t r ip  in  integrated circui t ry .  These diodes appear  
to be ideally suited fo r  this switch. In addition, a mic ros t r ip  approach to the 
S-band d iscr imina tor  is available,  the bandwidth of which can be made broad 
enough to cover a te lemet ry  band. Discr imina tors  operating in  the low MHz 
region a r e  not compatible with the gabrication requi rements  of integrated 
ci  r cuit s . 

F o r  these reasons ,  the gated d iscr imina tor  AFC sys tem will be fu r the r  
investigated i n  the next phase of this program. F u r t h e r  analysis  of the sys tem 
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Figure  17. Voltage-controlled Crys t a l  Osci l la tor  F M  Transmi t t e r  

will be  done based on VCO stabil i ty s tudies ,  which determine the open-loop 
gain requi red ,  and novel techniques of contructing low-pass filters having 
complex t r a n s f e r  functions designed to provide a s table  loop while providing 
g rea t e r  attenuation of the low-frequency response.  These  two fac to r s  determine 
the level  of spurious signal generat ion in  the output of the t ransmi t te r .  

C. VOLTAGE-CONTROLLED CRYSTAL OSCILLATOR 

Except f o r  the voltage-controlled c rys t a l  osci l la tor  F M  t r ansmi t t e r  
(F igure  17), all of the d i r e c t  methods of producing frequency modulation 
requi re  some f o r m  of automatic f requency control f o r  achieving 0. 0 0 5 -  
percent  stability. Although the bas ic  stabil i ty of the c rys t a l  osci l la tor  is  
degraded when operated a s  a VCXO, because of the detuning necessa ry  to 
allow modulation, 0. 005 percent  is  readily obtained. This i s  especially 
t rue  when the deviation percentage is small. 

A s imple method f o r  deviating a crystal-control led osci l la tor  in t ro-  
duces into the feedback path a se r i e s - r e sonan t  c i r cu i t  consisting of a coil  and 
a variable-capacitance diode. The effect  of this s e r i e s  c i rcu i t  is to displace 
the s e r i e s  resonance above o r  below the se r i e s - r e sonan t  frequency of the 
c rys t a l  alone. This phemonema is shown in  F igu re  18, f o r  which the inductive 
reac tance  i s  l a rge r .  The frequency of oscil lation is lowered and, thus,  fu r the r  
removed f r o m  the c rys t a l  ant i resonant  frequency. 

The addition of this  c i rcu i t  has  c rea ted  a second reactance zero  a t  f2. 
The loop gain at this  frequency can  be  reduced by placing a tuned amplif ier  i n  
the fo rward  path. 

In te lemet ry  applications F M  dis tor t ion is a v e r y  important  consideration. 
At low modulation frequencies  the s ta t ic  l inear i ty  is a good m e a s u r e  of F M  
distortion. The frequency response cutoff is determined by the RC network 
used to apply the modulating voltage to the var iable  capacitance diode. When 
the modulating frequency is above a few kilohertz,  t he re  is  another source  
of F M  dis tor t ion due to  the spurious response of the crystal .  In par t icu lar ,  
the c rys t a l  mus t  be completely f r e e  of unwanted modes in  a region c o r r e -  
sponding to the generated F M  spectrum. A s  an  example,  consider  a 30-MHz 
VCXO with a l inear  charac te r i s t ic  over  a rt75-KHz deviation range (F igure  19). 
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Lf the F M  spec t rum is confined to this region, the F M  dis tor t ion will be  
comparable  to the static depa r tu re  f r o m  a s t ra ight  line. If this unit were  
to be modulated at a rate of 5 0  KHz, however, F M  dis tor t ion will occur  
as the 100 KHz second-order  F M  sidebands become significant, f o r  example,  
f o r  deviations g r e a t e r  than about 25 KHz. F M  dis tor t ion  at high rates depends 
upon the leve l  of the nearby  modes of the c r y s t a l  and r eaches  a maximum 
whenever a n  F M  sideband frequency happens to coincide with the c rys t a l  
spurious mode. 

Operation of the c r y s t a l  i n  the region below its se r i e s - r e sonan t  
f requency is the technique used with mos t  VCXO's. A s  the deviation requi re -  
ment  is  increased ,  it becomes necessa ry  to work the c rys t a l  fu r the r  away 
f r o m  its se r i e s - r e sonan t  f requency,  the r e su l t  being that  the stabil i ty 
suffers. It is important  that  the frequency not be deviated too c lose  to the 
se r i e s - r e sonan t  frequency of the c rys ta l ,  s ince in  this region the l inear i ty  
is  poor. L e s s  difficulty is encountered with spurious modes when funda- 
mental mode c rys t a l s  are used r a the r  than overtone c rys ta l s .  However, 
the penalty fo r  using fundamental  mode c rys t a l s  is that  g rea t e r  f requency 
multiplication is requi red  to achieve the f inal  output frequency. 

G r e a t e r  stabil i ty is achieved in  another way by operating the c rys t a l  
at its se r i e s - r e sonan t  frequency. Centering the frequency swing a t  the series- 
resonant  point r e su l t s  i n  frequency stabil i ty a lmost  equal to the c rys t a l  i t se l f ,  
even f o r  relatively wide deviations. With proper  c rys t a l  and c i rcu i t  design, 
superior  l inear i ty  i n  addition to high stabil i ty can be obtained. The c rys t a l  
mus t  be designed f o r  VCXO se rv ice ;  otherwise,  the modulation will be 
severe ly  distorted.  

Because of spurious modes of operation in  the c rys t a l ,  the R F  spec t rum 
mus t  be limited. In the past ,  the spec t rum had to be l imited to  t 5 0  KHz f r o m  
the r e s t  frequency of the oscil lator.  Recent advances by manufac turers  of 
c rys t a l s  have yielded experimental  c rys t a l s  that  can  be operated in  osci l la tor  
c i rcui ts  a t  f requencies  in  the range of 3 0  to 3 5  MHz with spec t rums as wide 
as 600 KHz and dis tor t ion of no m o r e  than 5 percent.  These a r e  experimental  
c rys t a l s ;  production c rys t a l s  capable of 3~300 KHz a r e  readily available. 

Even with the experimental  units and very  small deviation ra t ios ,  how- 
eve r ,  the VCXO approach cannot be  used when the baseband response extends 
to 1 MHz, the cu r ren t  requirement .  Regard less  of how low the deviation 
ra t io  is made,  the f i r s t - o r d e r  sidebands will ex is t  out to *l MHz,far beyond 
the deviation r a t e s  available. 

D. HETERODYNE FREQUENCY STABILIZATION 

The heterodyne sys t em (Figure  20) is a n  old technique that has  been used 
extensively. The stabil i ty of the signal at the output of the crystal-control led 
osci l la tor  i s  much  g r e a t e r  than the stabil i ty of the signal at the output of the 
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Figure  20. Heterodyne F M  Transmi t t e r  

VCO. The rat io  of these two must  be made l a rge  so  that the output may be 
made m o r e  dependent on the s table  source  r a the r  than the unstable source.  

The output f requency is the multiplied s u m  of the two sources :  

where 

w0 is the output frequency in r a d s / s  
wC is the crystal-control led osci l la tor  frequency in r a d s / s  
W, is the VCO center  frequency in  r a d s / s  

With Equation (42) the effect  of the var ious center  frequency stabil i t ies can 
be determined with 

The pr imed var iab les  denote design center  values; f o r  example, 

where 

6, i s  the output frequency stabil i ty in percent  
6c  is the c r y s t a l  osci l la tor  frequency stability in  percent  
6, is the VCO frequency stabil i ty in  percent. 

Substituting Equation (44) in  Equation (43), we obtain 

WC' 6v - 6 0  
wv' 6, - 6c 
- -  - (45) 
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Equation (45) is plotted i n  F igu re  21 f o r  a typical VCO stabil i ty rarige 
and f o r  c rys ta l -osc i l la tor  stabil i t ies of 0. 001 and 0. 002 percent.  The ra t io  
requi red  is high. Even f o r  a c rys ta l -osc i l la tor  stabil i ty of 0. 001 percent  and 
a VCO stabil i ty of 0. 5 percent ,  f c  mus t  be  125 times fv. 

Unfortunately, other  considerations a l so  govern the choice of mixing 
ratio. Since the baseband response  extends to 1 MHz, the VCO frequency 
spec t rum will be at least 2 MHz wide and the center  f requency of the VCO 
mus t  be 10 to 20 MHz. The high mixing ra t io  places  the output of the mixe r  
in the 1- to 2-GHz range,  eliminating the need f o r  a mult ipl ier  following 
the mixer .  But when this  is done, the ful l  deviation (1. 5 MHz) mus t  be 
achieved i n  the VCO. It was previously shown that  the bandwidth required 
f o r  the fully deviated baseband is  8 MHz. The necessa ry  1 percent  l inear i ty  
carr be obtained once again only by rais ing the center  f requency of the VCO. 
At th i s  point it is interest ing to note that with good VCO stabil i ty (0. 5 percent )  
the center  frequency of the VCO cannot exceed 20 MHz if the output stabil i ty 
of 0. 005 percent  is to be  maintained a t  2 GHz. Thus, in  this ca se ,  the 
heterodyne technique cannot be used. This  bas ic  approach to stabil ization 
is, i n  genera l ,  not useful when the stabil i ty of the output is  requi red  to be  
m o r e  than an o r d e r  of magnitude less than the VCO stability. 

E. QUADRATURE AFC 

The configuration represented  in  F igu re  22  has  been used in  r ece ive r s  
as a frequency acquisit ion circuit .  The sys t em functions to control the t r ans -  
mitter output f requency to the r e fe rence  frequency produced by the c rys t a l  
osci l la tor  and its multiplier.  The output of the mult ipl ier  is  mixed with the 
incoming VCO frequency in one mixe r ;  a second mixing takes  place with the 
multiplier output shifted 90 degrees .  The outputs of the two mixers a r e  i n  
quadra ture  and contain a difference frequency term and a sum frequency 
term. The two low-pass f i l t e r s  remove the sum t e rm.  One of these  signals 
is  then differentiated to produce a signal proportional i n  amplitude to the 
difference between the output f requency and the re ference  frequency, and 
that  signal is then synchronously detected with the output of the other  mixer.  
The output of the product detector  contains a dc t e r m  and a component at 
twice the difference of the r e fe rence  frequency and the t r ansmi t t e r  f requency;  
the latter is  removed by the low-pass filter feeding the VCO. The dc term 
is proportional i n  amplitude and sign to the des i r ed  difference frequency. 
In F igu re  22, the s ignals  existing a t  those points designated by c i rc led  
numera ls  are: 

0 A, cos  W 0 t  
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AoAr sin[(+ - w o ) t  + e ]  2 (49) 
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The ma jo r  problems in this  s y s t e m  center  around implementation of the 
differentiator and maintenance of the 90-degree phase shift  through the s y s t e m  
t o  the product detector .  F o r  t e l eme t ry  sys t ems  the total  allocation in a given 
frequency range  is on the order of 5 t o  1 0  percent .  A branch-l ine hybrid (easi ly  
constructed in  m i c r o s t r i p  fo rm)  c a n  b e  used fo r  bandwidths this  nar row,  
allowing operation anywhere in  the  band. P h a s e  shif t ,  nonetheless , c a n  be 
introduced into the s y s t e m  in the mixers and other  components.  Fortunately,  
the s y s t e m  degrades  slowly f o r  small var ia t ions  in  the phase shift; that is, the 
output as given by Equation (53) is multiplied by the cosine of the e r r o r  phase 
angle,  the  value of which is c lose  t o  unity for  small e r r o r  angles.  A t  the 
requi red  bandwidth, the differentiator mus t  produce the der ivat ive of the 
input signal over  a frequency range of t h r e e  decades,  which is the range  of 
the  uncompensated VCO frequency t o  its compensated value.  The t h r e e  decades 
of f requency range produce a voltage range  of 60  dB at the  output of the 
differentiator.  A br ief  investigation of integrated c i rcu i t  operational ampl i -  
fier different ia tors  has  shown that the noise level  c a n  be held to about 90 dB 
below the maximum output, thus providing a sufficient marg in  over  the 
requirement .  

This  par t icu lar  s y s t e m  has  the  fundamental  capability of meeting the 
bas ic  t r ansmi t t e r  specification f o r  frequency stability. Its problems cen te r  
around the difficulty of implementing the  c i rcu i t  functions required.  Fo r  
this  reason ,  this  s y s t e m  will  b e  investigated fu r the r  in the next phase of 
the  p rogram.  

F. PULSE DISCRIMINATOR AFC 

The pulse d iscr imina tor  AFC s y s t e m  (F igure  23) is basical ly  a pulse 
c i rcu i t  implementation of the quadra ture  AFC s y s t e m  jus t  discussed.  A s  
shown in F igu re  23, s o m e  of the t r ansmi t t e r  output is f ed  t o  the buffer  
ampl i f ie r ,  which in t u r n  applies this  s ignal  to  the two mixers. The c r y s t a l  
oscil lator dr ives  the mult ipler ,  the  output of which is the r e fe rence  frequency. 
This  r e fe rence  signal is a l s o  applied t o  the two mixers, one of the s ignals  
first being passed  through a 90-degree  phase-shif t  network. In the  output of 
the m i x e r s ,  the s u m  t e r m s  are  f i l t e red ,  leaving only the difference frequency 
terms. Limiting operat ions a re  then pe r fo rmed  on these two outputs. 

The phase spl i t ter  and the  differentiator develop pulses  at the positive 
and negative z e r o  c ros s ings  of one of the  l imited s ignals .  These  two pulse 
t r a ins  are summed  separa te ly  with the  other l imited signal t o  produce the  
outputs shown as E and F in the  d iagram.  As a r e su l t  of the bias leve l  set 
on the diode summing junction, and the phase relationship of the difference 
frequency outputs of the  m i x e r s ,  one o r  the  other  of the  s ignals  at E and F 
contains pulses  which exceed the bias level. Which of the two outputs is 
act ive is determined by the s ign of the  difference frequency,  f o r  example,  
whether the r e fe rence  frequency is above o r  below the VCO frequency. The  
frequency of the output pulse  rate is equal to  the difference between the 
r e fe rence  and  VCO frequencies .  The pulses  are  then integrated t o  provide 
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an e r r o r  signal proportional to the difference frequency,  with the polarity 
determined by the sign of the difference.  

Since difference frequencies  on the o rde r  of 20 to 50 MHz will be 
present  a t  the output of the mixe r s ,  video bandwidths of 500 MHz will be 
required f o r  c i r cu i t ry  having the square  waves and the differentiated ze ro  
c ross ings  of the square  waves. This is, of course ,  a t rans ien t  condition 
that  ex is t s  only when the t r ansmi t t e r  t u rns  on, but it i s  obviously an  impor-  
tant condition. After the init ial  t rans ien t  condition the AFC loop is in  
operation and the d i f fe rence  frequency is great ly  reduced. At this t ime 
the difference frequency is relatively low and actually fa l ls  within the same  
band of f requencies  a s  the modulation. Under these conditions, noise 
produced by the pulses  can be picked up by other  c i rcu i t ry  and a l so  produce 
modulation. 

When this sys t em is compared to the quadra ture  AFC sys tem described 
previously (the two a r e  conceptually s imi l a r ) ,  the pulse d iscr imina tor  i s  
seen  to requi re  wide video bandwidths and to  operate  with sma l l  r i s e - t ime  
signals that  a r e  capable of producing considerable noise in  the range of the 
baseband. Neither problem exis t s  in  the quadrature  A F C  circuit .  

G. DUAL-OSCILLATOR A F C  

A wide var ie ty  of techniques can be used f o r  center  frequency control. 
In the block d iagram of F igu re  24, two c rys t a l  osc i l la tors  and the i r  associated 
mult ipl iers  a r e  used to develop control f requencies  equally spaced above and 
below the des i r ed  output frequency. When the VCO frequency i s  mixed sepa- 
ra te ly  with these two control f requencies ,  difference frequencies a r e  produced 
which, if the VCO frequency i s  the c o r r e c t  value, will be equal. With the 
VCO off f requency,  the d i f fe rence  frequencies  a t  the outputs of the mixe r s  
a r e  unequal; the d i f fe rence  f requencies  a r e  then l imited to the same  voltage 
level  and differentiated to produce a t r a i n  of pulses.  The difference frequen-  
c ies  a r e  represented  by the pulse repeti t ion rate.  Both positive and 
negative pulses  a r e  present  a t  the output of the d i f fe ren t ia tor ;  the negative 
pulses a r e  removed by the detector  and the two separa te  positive pulse 
t r a ins  a r e  fed to a difference amplif ier .  The output of the difference ampli-  
f i e r  i s  then integrated o r  low-pass f i l t e red  to produce a control signal 
proportional to the difference between the f requencies  of the two pulse t ra ins .  
With the output zero ,  the frequencies  of the two pulse  t r a ins  will  be equal 
and the average  VCO frequency exactly centered between the two crys ta l -  
controlled frequencies .  

The AFC control charac te r i s t ic  f o r  this sys t em is shown in  F igure  25. 
Note that, unlike a d i scr imina tor  control cha rac t e r i s t i c ,  the output does not 
fall back to ze ro  volts fo r  f requencies  beyond the d iscr imina tor  peaks;  instead, 
a control signal remains ,  but proportional control i s  lost, Proportional control 
is maintained f o r  VCO frequencies  off the design center  value of plus and 
minus one half the difference of the two re ference  frequencies  a s  shown in 
F igure  25. 
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Figure  25. AFC Charac te r i s t ic  f o r  Dual Osci l la tor  AFC System 

This  sys tem,  although conceptually s imple,  has  a number of drawbacks. 
First, two c rys t a l s  a r e  required to  control the r e fe rence  frequencies;  a single 
c rys t a l  could be used, but the multiplication r a t io s  required would be very  
large,  Next, two mult ipl iers  a r e  needed and these a r e  difficult in  integrated 
c i rcu i t ry  so sys tems using only one multiplier a r e  prefer red .  Since the 
mult ipl iers  will be operating near  the same frequency, the percentage differ-  
ence is small, and they must  be well isolated f r o m  each other. Finally,  the 
limiter, different ia tor ,  detector  chains must  be near ly  identical  f o r  accura te  
control of center  frequency. Small  differences in  the limiting amplitudes of 
the two l imi t e r s ,  the t ime constants of the d i f fe ren t ia tors ,  o r  the thresholds 
of the de tec tors  will produce a n  e r r o r  in  the center  frequency control point. 
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In spite of these problems this sys tem will be investigated f r o m  a c i rcu i t ry  
standpoint in  the next phase of the contract .  

H. DUAL-OSCILLATOR SINGLE-MIXER AFC 

Two of the problems associated with the previously discussed dual-  
osci l la tor  AFC a r e  eliminated i n  the configuration of F igu re  26. The func- 
tioning of this sys tem is s imi l a r  to that of the dual-oscil lator AFC. In this 
case ,  only one difference frequency i s  produced; the re ference  frequency is 
controlled by c rys t a l  osci l la tor  number 1. Crys ta l  osci l la tor  number 2 pro-  
duces a second r e fe rence  frequency which is equal to the difference between 
the c o r r e c t  output f requency and the r e fe rence  frequency. In this a r r ange -  
ment, a mult ipl ier  and mixer  have been eliminated and only one of the 
c rys t a l s  need be changed with center  frequency change. Since only one 
difference frequency is produced and it i s  referenced to  a fixed "bias" 
frequency, the sys t em has regions of positive feedback a s  shown in  
F igure  27. These occur  on e i ther  the high side of the output center  frequency 
o r  the low side,  depending upon whether the r e fe rence  i s  above o r  below the 
center  f requency,  respectively.  Proportional control i s  available for  VCO 
frequencies  which a r e  off center  frequency by no m o r e  than the difference 
between the re ference  frequency and the output center  frequency. This f r e -  
quency difference i s  a l so  equal to the frequency of c rys t a l  osci l la tor  number 2. 

Although this sys tem has eliminated some of the objections to the dual 
osci l la tor  A F C ,  the requirement  fo r  balanced l i m i t e r s ,  d i f fe ren t ia tors ,  
and de tec tors  remains.  In addition, an  undesirable AFC charac te r i s t ic  has  
been introduced. Other configurations offer g rea t e r  promise  and do not 
requi re  two c r y s t a l s ,  which a r e  la rge  components compared to the other 
components in  microwave integrated circui ts .  

I. DUAL-OSCILLATOR GATED AFC TYPE I 

The sys t em of F igu re  28 is essentially a gated vers ion  of the dual- 
osci l la tor  A F C  sys tem of F igure  24. The square-wave genera tor  i s  operated 
a t  a very low frequency and pe r fo rms  the function of sampling the two 
frequency d i f fe rences  that a l ternately occur a t  the output of the mixer.  A 
second switch, a lso controlled by the square-wave genera tor ,  gates  the 
pulses a t  the output of the detector a l ternately into the two inputs of the 
d i f fe rence  amplif ier .  In this way the output of the in tegra tor  following the 
difference amplif ier  is a control voltage proportional to the .difference 
between the VCO frequency and the average frequency of the two re ference  
frequencies.  

The improvement in  this sys tem over  the dual-oscil lator sys tem of 
F igure  24 is i n  the elimination of a mixer, l i m i t e r ,  di f ferent ia tor ,  and 
detector.  This  is a significant improvement,  s ince the balancing of these 
two chains in  the dual-oscil lator AFC is a major  disadvantage of that system. 
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Figure  27. AFC Charac ter i s t ic  f o r  Dual Oscil lator Single Mixer AFC Sys tem 
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Still,  the requi rement  f o r  two crystal-control led osc i l la tors ,  both of which 
mus t  be changed with changes i n  the assigned frequency, and two mul t ip l ie rs  
is a disadvantage. 

In addition, spurious signal generat ion exists due to harmonics  of the 
switching frequency beating with the lower modulation frequencies .  This 
problem is d iscussed  i n  Section IV. B in  connection with the gated d i sc r imi -  
nator AFC system. This  sys t em may be  compared with the gated d iscr imina tor  
AFC sys t em of F igu re  12 ,  and when th is  is done, it is  seen  that  the d i sc r imi -  
nator  used i n  that  sys t em has  been eliminated at the cos t  of a mixer and a n  
additional mult ipl ier  and c rys t a l  oscil lator.  

J. DUAL-OSCILLATOR GATED AFC, TYPE I1 

In the sys t em of F igu re  29, one of the mul t ip l ie rs  has  been eliminated. 
Crys t a l  osci l la tor  number 2 opera tes  at a low frequency equal to the difference 
of the output center  frequency and the r e fe rence  frequency a t  the output of 
the mult ipl ier  dr iven  by c rys t a l  osci l la tor  number 1. This sys t em is a gated 
vers ion  of the dual-oscil lator s ingle-mixer  AFC sys t em shown in  F igu re  26. 
Its advantage over  the sys t em of F igu re  26 is  that  it does not requi re  the 
balancing of two l imi t e r ,  di f ferent ia tor ,  and detector chains. Its advantage 
over  the Type I sys tem,  discussed in  the previous subsection and shown in  
F igu re  28, is that one mult ipl ier  has been eliminated and only one c rys t a l  
need be changed with changes in  the assigned frequency. The spurious 
problems associated with the switch remain ,  however, and the poor AFC 
control charac te r i s t ic  shown in F igure  27 and d iscussed  in  Section IV. H 
a l so  applies here .  

K. VOLTAGE-CONTROLLED CRYSTAL OSCILLATOR AFC 

Although a voltage-controlled c rys t a l  osci l la tor  cannot be used fo r  the 
modulator-frequency control function in  this t r ansmi t t e r  a s  discussed in  
Section IV. C (because of the high modulation frequencies  involved) it can  be 
used to advantage in  a n  AFC system. This  use  is shown in F igu re  30. In 
effect  the VCXO has  replaced the two-crystal  sys t em of F igu re  28 and the 
need f o r  two mul t ip l ie rs  has  been eliminated. 

The spurious response  problem associated with switching osc i l la tors  
can  be  minimized in  this  sys tem,  since it is not necessa ry  to modulate the 
VCXO with a squa re  wave and thereby generate  a spec t rum around the two 
extreme VCXO frequencies  consisting of the harmonics  of the switching 
waveform. F o r  example,  square-wave integration tha t  can be per formed 
with integrated c i rcu i t  operational amplif iers  will yield a t r iangular  wave- 
f o r m  with no even harmonics  and with grea t ly  reduced odd harmonics  compared 
to the spec t rum of a squa re  wave. This minimizes  the amplitude of the bea t  
f requencies  occurr ing  between the lower modulation frequencies  and the 
harmonics  of the switching waveform. The use  of a t r iangular  waveform 
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f o r  modulating the VCXO a l so  degrades the operat ion of the AFC loop, pr imar i ly  
in  the sense  of a l ter ing the open loop-gain, which is not a se r ious  objection. 

This  sys t em has  the des i rab le  AFC charac te r i s t ic  shown i n  F igu re  25. 
To provide a n  adequate control charac te r i s t ic  when the t r ansmi t t e r  is  f irst  
turned on and the VCO is considerably off f requency,  it i s  necessa ry  to have 
the peak-to-peak frequency deviation of the VCXO la rge ,  on the o r d e r  of 
2 percent.  Although g r e a t  advances have been made in  the percentage of 
deviations attainable with VCXO's i n  recent  y e a r s ,  1 -percent  peak-to-peak 
deviation is about the maximum curren t ly  available. F u r t h e r m o r e ,  the 
center  f requency stabil i ty is poor when deviations this  l a r g e  a r e  required.  
Without oven control,  0. 01 percent  stabil i ty is all that  can be provided over  
any reasonable  t empera tu re  range. In addition, l a r g e  percentage deviations 
a r e  only available with fundamental  mode crys ta l s .  This limits the c rys t a l  
osci l la tor  f requency to about 30 MHz and fo rces  g rea t e r  multiplication than 
would be requi red  with other  AFC sys tems that can  use  overtone c rys ta l s .  

In the next phase of the program,  fu r the r  investigation of this use  of 
VCXO's will be  made. Probably,  the poor center-frequency stabil i ty will 
remain  a problem and the sys t em will not prove useful i n  this application. 
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SECTION VI 

CONCLUSION 

The next study t a sk  to be performed is concerned with the analysis of 
the technical p a r a m e t e r s  of the var ious components and techniques used in  
the F M  te lemet ry  t r ansmi t t e r  sys tems selected under this study task. More 
than one bas ic  sys t em is being c a r r i e d  forward f o r  analysis  i n  the next phase 
of the program. It i s  expected that the select ion of one sys tem will be accom- 
plished in  a sho r t  t ime by concentrating the investigation on specif ic  trouble- 
spots i n  the designs. To avoid pre-emptionof  the r e su l t s  of the next study task,  
no at tempt  was made to eliminate all  but one of the bas ic  sys tems in this phase 
of the program. The r e su l t s  of this study, however, have minimized the 
number of c i rcu i t ry  investigations that will be requi red  and have prevented 
the possibil i ty of a detailed c i rcu i t ry  investigation of a basic  sys tem that 
would not, r ega rd le s s  of the implementation, meet  the per formance  
specif ic  a tions . 
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LIST O F  SYMBOLS 

*m 
BW 

M 

cy 

P 
6-Q 
Y 

A F  

amplitude of detected sinusoid 

bandwidth of filter 

dc value of the e r r o r  voltage 

d iscr imina tor  output, e r r o r  voltage 

bit frequency, bits/s 

highest modulating frequency, Hz 

modulating frequency,  Hz 

t r ans fe r  function, low-pass filter 

VCO constant,  rad ians /second/vol t  

d i scr imina tor  constant,  vo l t s / rad ians /second 

dimensionless:  includes ga in / loss  of ampl i f ie rs ,  
f requency conver te r ,  filter and summing junction 

multiplying fac tor  

modulated wave 

phase -modulated wave 

o r d e r  of harmonics  

s quare  -wave s w itc hing function 

modulating signal 

amplitude distortion 

phase angle 

maximum phase shift 

re la t ive attenuation 

peak frequency deviation 

peak deviation 

d iscr imina tor  center  frequency stabil i ty,  percent  

output f requency stabil i ty,  percent  

r e f e r e n c e  osci l la tor  cen te r  f requency stabil i ty,  
percent  

VCO center  f requency stabil i ty,  percent  
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*3 

wC 

Wh 

*i 

wQ 

*O 

Wd 
OPS 

w 

P 
w 

RO 

instantaneous phase difference 

peak phase deviation 

3-dB cutoff frequency fo r  low-pass filter, 
equal t o  l / R C  

c r y s t a l  -controlled osci l la tor  frequency , 
radians / second 

design center  frequency f o r  crystal-control led 
osci l la tor  , rad ians /second 

highest modulating frequency rad ians /second 

instantaneous frequency , rad ians  /second 

lowest modulating frequency rad ians /second 

modulating frequency, rad ians  /second 

output f requency , radians / second 

design center  output frequency, rad ians /second 

s teady-state  component of the instantaneous 
frequency due to  modulation 

s teady-state  component of spurious modulation 
s ignal  

open-loop component of the  instantaneous frequency 
due to  modulation 

spurious modulation component 

r e fe rence  frequency 

frequency of spurious signal,  rad ians /second 

s quare  -wave switching frequency 

VC 0 center  frequency 

design center  frequency for  VCO, rad ians /second 

t r a n s f o r m  of center frequency d iscr imina tor ,  
rad ians  / second 

transform of output frequency, radians/second 

t r a n s f o r m  of closed-loop component of instantaneous 
frequency due to modulation 

t r a n s f o r m  of spurious s ignal  component i n  output 

t r a n s f o r m  of open-loop component of instantaneous 
frequency due to modulation 

rad ians  / s econd 

radians / s ec ond 

radians /second 
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t r a n s f o r m  of spurious modulation component 

t r a n s f o r m  of r e fe rence  frequency,  rad ians /second 

t r a n s f o r m  of center  f requency VCO, radians/second 
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